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m Abstract The second largest zone of coastal hypoxia (oxygen-depleted waters)
in the world is found on the northern Gulf of Mexico continental shelf adjacent to the
outflows of the Mississippi and Atchafalaya Rivers. The combination of high fresh-
water discharge, wind mixing, regional circulation, and summer warming controls the
strength of stratification that goes through a well-defined seasonal cycle. The physical
structure of the water column and high nutrient loads that enhance primary production
lead to an annual formation of the hypoxic water mass that is dominant from spring
through late summer. Paleoindicators in dated sediment cores indicate that hypoxic
conditions likely began to appear around the turn of the last century and became more
severe since the 1950s as the nitrate flux from the Mississippi River to the Gulf of
Mexico tripled. Whereas increased nutrients enhance the production of some organ-
isms, others are eliminated from water masses (they either emigrate from the area or
die) where the oxygen level falls below 2 mg'lor lower for a prolonged period.

A hypoxia-stressed benthos is typified by short-lived, smaller surface deposit-feeding
polychaetes and the absence of marine invertebrates such as pericaridean crustaceans
bivalves, gastropods, and ophiuroids. The changes in benthic communities, along with
the low dissolved oxygen, result in altered sediment structure and sediment biogeo-
chemical cycles. Important fisheries are variably affected by increased or decreased
food supplies, mortality, forced migration, reduction in suitable habitat, increased sus-
ceptibility to predation, and disruption of life cycles.

INTRODUCTION

Waters with less than full oxygen saturation occur in many parts of the world’s
oceans (Kamykowski & Zentara 1990). Hypoxic (low oxygen) and anoxic (no oxy-
gen) waters have existed throughout geologic time and presently occur in many
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of the ocean’s deeper environs, such as oxygen minimum layers, deep basins, and
fjords. The occurrence of hypoxia and anoxia in shallow, coastal and estuarine ar-
eas, however, appears to be increasing, most likely accelerated by human activities
(Diaz & Rosenberg 1995). One of the world’s largest zones of estuarine and coastal
hypoxia is located in the northern Gulf of Mexico on the Louisiana/Texas conti-
nental shelf. Referred to as the “Dead Zone” in the popular press and literature, the
areal extent of the severe oxygen deficiency reached a record size of 20,700 km
in mid-summer 2001 (Rabalais et al. 2001). The term dead zone refers to the fail-
ure to capture fish, shrimp, and crabs in bottom-dragging trawls when the oxygen
concentration falls below a critical level in water near the seabed (Renaud 1986).
The numbers of stressed or dying benthic infaunal organisms within the sediments
increase substantially when the oxygen levels remain low for prolonged periods,
biodiversity is diminished, and community structure and ecosystem functioning
are altered (Rabalais et al. 2001a,b). Higher in the water column and in the surface
mixed layer, however, there is sufficient oxygen to support sizeable populations of
fish and swimming crabs. Also, there are anaerobic or hypoxia-adapted organisms
that survive in sediments overlain by hypoxic or anoxic waters, so that the term
dead zone is not entirely accurate (Rabalais & Turner 2001a). Still, the area is
large enough to garner a high level of public attention, if only because of the lack
of catchable demersal fish and shrimp.

There is no universally accepted terminology or concentration limits to describe
oxygen-deficient conditions (Tyson & Pearson 1991). Hypoxia is a term long used
by physiologists to describe conditions or responses produced by stressful levels of
oxygen deficiency. The use of the term to describe oxygen-deficient environments
became common in the mid- to late 1970s, and was especially attributed to those
working in the Gulf of Mexico by Tyson & Pearson (1991). Based on laboratory or
field-observed responses of organisms to oxygen stress, hypoxia has been variously
defined as corresponding to a range of 3.0-0.2 fivith the consensus in favor of
1.4ml -1 (= 2 mg*or ppm). Another convenient threshold for effects that was
adopted by Breitburg (2002) was dissolved oxygen concentrati¥ saturation
owing to avoidance behavior, reduced growth, or other signs of physiological stress
in sensitive fish. For this review, we define hypoxia for the northern Gulf of Mexico
as dissolved oxygen levels below 2 mg.IThis is the level below which bottom-
dragging trawls usually do not capture any shrimp or demersal fish (Renaud 1986).
This concentration approximates 20% oxygen saturationi@ 25d salinity of 35
in summertime bottom waters of the Gulf of Mexico (Rabalais et al. 1999); in less
saline, cooler Chesapeake Bay waters 2 m@tjuals 24% saturation at 2D and
salinity of 15 (Breitburg 2002). The range of organismal responses depends on the
severity of the hypoxia, the length of exposure, and the periodicity and frequency
of exposure. The hypoxic zone of the northern Gulf of Mexico, one of hundreds
globally, will be the focal point of this review with similarities and differences
drawn from other coastal and estuarine areas.

The coastal areas of the Baltic Sea, northern Gulf of Mexico, and northwestern
shelf of the Black Sea are the largest such coastal hypoxic zones in the world,
reaching 84,000 kA 21,000 km, and 40,000 krh(until recently), respectively
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(Rosenberg 1985, Rabalais et al. 2002, Mee 2001). Smaller and less frequent zones
of hypoxia occur in the northern Adriatic Sea (Jostt al. 1987), the southern

bight of the North Sea (Fransz & Verhagen 1985) and in many U.S. coastal and
estuarine areas, for example, New York Bight (Garside & Malone 1978, Swanson &
Sindermann 1979, Swanson & Parker 1988), Chesapeake Bay (Officer et al. 1984,
Malone 1991), Long Island Sound (Welsh & Eller 1991, Welsh et al. 1994, Parker

& O'Reilly 1991), Mobile Bay (Turner et al. 1987), and the Neuse River estuary
(Paerl et al. 1998). In a review of 47 known anthropogenic hypoxic zones where
benthic community effects were documented, Diaz & Rosenberg (1995) noted that
no other environmental variable of such ecological importance to estuarine and
coastal marine ecosystems around the world as dissolved oxygen has changed so
drastically and in such a short period of time. For those zones reviewed, they found
that there was a consistent trend of increasing severity (either duration, intensity,
or size) where hypoxia occurred historically, or hypoxia existed presently when

it did not occur before. The occurrence of hypoxia in estuarine and coastal areas
is increasing and the trend is consistent with the increase in human activities that
result in nutrient over-enrichment.

Hypoxia is but one of the symptoms of eutrophication, defined by Nixon (1995)
as an increase in the rate of production and accumulation of carbon in aquatic sys-
tems. Eutrophication may be a natural process, but very often results from an
increase in nutrient loading, particularly by forms of nitrogen and phosphorus.
Coastal eutrophication, often accompanied by hypoxia, tracks increases in pop-
ulation, a focusing of that populace in coastal regions, agricultural expansion in
river basins, and increasing food and energy consumption (Nixon 1995; Howarth
et al. 1995, 1996; Vitousek et al. 1997; Caraco & Cole 1999; Bennett et al. 2001).
Nutrient over-enrichment from anthropogenic sources is one of the major stres-
sors impacting estuarine and coastal ecosystems (Bricker et al. 1999, Howarth
et al. 2000, National Research Council 2000, Cloern 2001). There is increasing
concern in many areas around the world that an oversupply of nutrients from
multiple sources is having pervasive ecological effects on shallow coastal waters.
These effects include reduced light penetration, increased abundance of huisance
macroalgae, loss of aquatic habitat such as seagrass or macroalgal beds, noxious
and toxic algal blooms, hypoxia and anoxia, shifts in trophic interactions and
food webs, and impacts on living resources (Vitousek et al. 1997, Schramm 1999,
Anderson et al. 2002, Rabalais 2002). Whereas many of these primary and sec-
ondary responses of ecosystems to nutrient over-enrichment are interrelated, this
review will focus on aspects of hypoxia, emphasizing the Gulf of Mexico, in
describing causes, temporal and spatial variability, effects on living resources,
historical changes, and management challenges.

CAUSES OF HYPOXIA—FRESH WATER AND NUTRIENTS
Two principal factors lead to the development and maintenance of hypoxia. First,

the water column must be stratified so that the bottom layer is isolated from the
surface layer and the diffusion of oxygen from surface to bottom. The physical
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structure is dictated by water masses that differ in temperature or salinity or both.
Fresher waters derived from rivers and seasonally-warmed surface waters are less
dense than, and reside above, the saltier, cooler and more dense water masses
near the bottom. Both salinity and temperature are important in influencing the
strength of stratification in the northern Gulf of Mexico (Rabalais et al. 1991),
Chesapeake Bay (Officer et al. 1984), and Kiel Bay (Arntz 1981), whereas stratifi-
cation is controlled primarily by temperature in the Gulf of Trieste (Stachowitsch
1986), New York Bight (Falkowski et al. 1980), and Long Island Sound (Welsh

& Eller 1991). Stratification goes through a well-defined seasonal cycle that gen-
erally exhibits maximum stratification during summer and weakest stratification
during winter months (Figure 1). This cycle is due to the strength and phasing
of river discharge, wind mixing, regional circulation and air-sea heat exchange
processes.

The second factor is decomposition of organic matter that leads to reduced
oxygen levels in the bottom waters. The source of the organic matter settling to
the seabed in the northern Gulf of Mexico is mostly from phytoplankton growth
stimulated by riverine-delivered nutrients, although some river-borne organic mat-
ter is delivered by the Mississippi River (Eadie et al. 1994, Turner & Rabalais
1994a, Committee on Environment and Natural Resources 2000). The concen-
trations and total loads of nitrogen, phosphorus, and silica to the coastal ocean
influence the productivity of the phytoplankton community, the types of phyto-
plankton that are most likely to grow, and ultimately the flux of phytoplankton-
derived organic matter (Turner & Rabalais 1994b, Lohrenz et al. 1997, Dortch
et al. 2001). Phytoplankton not incorporated into the food web and fecal mate-
rial generated by the food web sink into bottom waters where they are decom-
posed by aerobic bacteria, causing oxygen depletion. The relative influence of
the physical features of the system and the progression of biological processes
varies spatially and over an annual cycle. Both are inter-related in the northern
Gulf of Mexico and directly linked with the dynamics of the Mississippi and
Atchafalaya River discharge. (The Atchafalaya River carries up to one-third of
diverted Mississippi River discharge to a second delta 180 km west of the birdfoot
delta.)

Some coastal areas and estuaries are more susceptible to eutrophication, in-
cluding the formation of hypoxia, from nutrient enrichment based on two key
physical features of the water body—the dilution capacity of the water column
and its flushing/retention time (National Research Council 2000). Systems with
relatively large volumes and short flushing times are less susceptible to eutrophica-
tion; systems with longer flushing times are more susceptible. Superimposed upon
this continuum of susceptibility are the nutrient loadings to the water body, the
timing of the loads, and the relative proportion of the nutrients. Light availability
can play a critical role in determining the response of estuarine systems to nutrient
loading (Cloern 1999), and grazing of phytoplankton by benthic filter feeders or
water column zooplankton can limit the accumulation of algal biomass (Alpine &
Cloern 1992).
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SOURCES OF NUTRIENTS

Human activity has dramatically increased the flux of phosphorus and nitrogen
to the world’s oceans. The fluvial drainage of phosphorus from terrestrial and
freshwater ecosystems is currently nearly three times greater than pre-industrial
levels (Bennett et al. 2001). The change in nitrogen flux is even more dramatic, for
example fourfold in the Mississippi River, eightfold in the rivers of the northeastern
United States, and tenfold in the rivers draining to the North Sea (Howarth et al.
1996). The human activities and sources of increased nitrogen and phosphorus
vary across watersheds, but their relative proportion and rate of change identify
potential foci for eventual attempts at reduction. Nonpoint sources of nutrients
are the dominant and least easily controlled inputs into coastal waters from large
watersheds, and especially from watersheds with extensive agricultural activity
(e.g., Mississippi River system) or atmospheric nitrogen pollution from fossil-fuel
combustion (e.g., dominant in the northeastern United States).

Some estuaries receive nutrients across their boundary with the ocean along with
inputs from land, rivers, and atmospheric deposition (Boynton et al. 1995, Nixon
et al. 1995). Offshore waters on continental shelves can similarly receive nutrients
from river inputs from land, direct deposition from the atmosphere, and advection
of deeper, nutrient-rich oceanic waters. The relative proportion of these inputs
varies among coastal waters of the U.S., but can be a dominant nutrient input
(Nixon et al. 1996). In the northern Gulf of Mexico, however, the Mississippi
River drainage is by far the dominant source of nutrients fueling the hypoxia
zone.

Dunn (1996) calculated the nutrient inflows from 37 U.S. streams discharging
into the Gulf of Mexico for water years 1972—-1993. The combined flows of the
Mississippi and Atchafalaya Rivers account for 91% of the estimated total nitrogen
load. If only streams between Galveston Bay (Texas) and the Mississippi River
delta are considered, i.e., those most likely to influence the zone of hypoxia, the
combined flows of the Mississippi and Atchafalaya Rivers account for 96% of the
annual freshwater discharge and 98.5% of the total annual nitrogen load. Similar
calculations for the annual total phosphorus load are 88% of the total 37 streams
and 98% of the streams between Galveston Bay and the Mississippi River delta.
The relative contribution of direct atmospheric deposition of nitrogen to the total
nitrogen load for an area twice the size of the hypoxic zone is 1% (Goolsby et al.
1999). Groundwater sources to the area affected by hypoxia are unlikely to be
important because of the lack of shallow aquifers along the Louisiana coast and
the low potential for transfer in a cross-shelf direction to the area where hypoxia
develops (Rabalais et al. 1999). The relative contribution of offshore sources of
nutrients from upwelled waters of the continental slope is unknown but expected
to be minimal considering the alongshore current regime. The Mississippi River
system is, by far, the major source of nutrients to the northern Gulf of Mexico
where hypoxia is likely to develop, and thereby influences the primary production
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on the shelf and eventual flux of organic matter to the lower water column below
the pycnocline.

Away from the discharges of the Mississippi and Atchafalaya Rivers, there is
a consistent westward and downstream transition from lower to higher salinities,
higher to lower nutrients, and higher to lower surface chlorophyll concentrations
(Rabalais etal. 1996, 1999). Ultimately nutrients become limiting to phytoplankton
productivity. These gradients away from the riverine sources are further reflected
in the flux of organic material as seen in surface-to-bottom pigment ratios and
accumulation of phaeopigments in the lower water column. Respiration rates are
related to chlorophyla concentrations (Turner & Allen 1982a). Therefore, there
is a consistent transition away from the river discharges along the coastal plume in
flux of organic material, respiration rates and incidence of bottom water hypoxia.
The variability in freshwater discharge and related flux of nutrients on seasonal, an-
nual, decadal, and longer scales underlies many important physical and biological
processes affecting coastal productivity and food webs.

DIMENSIONS OF GULF HYPOXIA

The shelfwide distribution of hypoxia is determined annually from a five-day map-
ping cruise in mid-summer, usually between mid-July and mid-August (Rabalais
etal. 1999). The hypoxic water mass extends west from the Mississippi River bird-
foot delta across the Louisiana shelf and onto the upper Texas coast, from within
1 km of the barrier shoreface to as much as 125 km offshore. Hypoxia is found
in water depths up to 60 m, but more typically between 5 and 30 m. Hypoxia is
not found just in a thin lens overlying bottom sediments, but occurs well up into
the water column depending on the location of the pycnocline(s). Hypoxia may
encompass from 10% to over 80% of the lower water column, but normally affects
20-50% (Figure 1).

Mid-summer hypoxic zones, between 1985 and 1992, generally formed in two
distinct areas west of the Mississippi and Atchafalaya River deltas (Figure 2), with
the total area averaging 8000-9000%(fRigure 3). The size of the hypoxic zone
doubled in response to the Great Mississippi River Flood of 1993, forming a single
continuous zone across the Louisiana shelf (Figures 2 and 3). The examples from
1986 and 1993 (Figure 2) illustrate the typical pre- and post-flood distribution and
doubling in average size between the two periods (Rabalais et al. 2002). Persistent
currents from the west to the east across the Louisiana shelf often force the hypoxic
water mass onto the southeastern shelf, which is represented by the 1998 example
(Figure 2). Although the extent of hypoxia across the bottom in 1998 was less
than 1997 (Figure 3), the volume of the hypoxic water mass was greater because
more of the total depth of the water column was hypoxic in 1998 compared to
1997 (N. Rabalais et al. unpublished data). Low river discharge and nutrient flux
in 1988 and 2000 resulted in smaller areas of hypoxia. Hypoxia developed in the
spring of 1988 when discharge was normal, but was confined to a single station
off Terrebonne Bay in July when flow reached a record low. The smaller area of
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Figure 2 Bottom-water oxygen contours for mid-summer cruises in 1986, 1993, and
1998. The area of dissolved oxygen less than 2 Thiglindicated by shading.

hypoxia in 2000 was proportional to the reduced Mississippi River discharge and
nutrient flux that spring.

A compilation of sixteen mid-summer shelfwide surveys (1985-2001, Figure 4)
shows that the frequency of50% occurrence of hypoxia is highest down cur-
rent (west) from the freshwater and nutrient discharges of the Mississippi and
Atchafalaya Rivers. There are strong statistical relationships among nitrate flux,
primary production, net production, and hypoxia in the area between the Missis-
sippi River and transect C off Terrebonne Bay (Justial. 1993, 1997; Lohrenz
et al. 1997). Similar statistical relationships exist between Atchafalaya River
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Figure 3 Estimated areal extent of bottom-water hypoxi2(mg 1) for mid-
summer cruises in 1985-2001 (updated from Rabalais et al. 1999, Rabalais & Turner
2001b). nd= no data collected.

discharge and hypoxia on the southwestern Louisiana shelf (Pokryfki & Randall
1987).

More frequent sampling along transect C on the southeastern Louisiana coast
(location shown in Figure 4) indicates that critically depressed dissolved oxygen
concentrations occur below the pycnocline from as early as late February through
early October and nearly continuously from mid-May through mid-September
(Rabalais et al. 1999). Data from fisheries’ independent trawl surveys in the Missis-
sippi River bight, the area immediately west of the birdfoot delta, indicate that hy-
poxia occursinthatareain 6- to 10-m water depth as late as November (T. Romaire,
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personal communication). Hypoxia is rare in late fall and winter. The monthly av-
erage value of bottom oxygen for each station along transect C is shown along a
depth gradient from onshore to offshore by month (Figure 5), and illustrates the
seasonal progression of worsening hypoxia along an increasingly greater portion
of the seabed in May through August. The persistence of extensive and severe
hypoxia into September and October depends on the timing of the breakdown
of vertical stratification by winds from either tropical storms or passage of cold
fronts.

Once hypoxia becomes well established in mid-summer, much of the onshore-
offshore variability in distribution can be attributed to wind-induced cross-shelf
advection (Rabalais et al. 1991) (Figure 6). The low oxygen water mass is dis-
placed into deeper water following winds that produce downwelling-favorable
conditions. Upwelling-favorable conditions push the hypoxic water mass closer
to the barrier island shore. Similar advection of saline, hypoxic water onto the
flanks of Chesapeake Bay and into the lower reaches of the Choptank River,
an adjoining tributary estuary, is driven by large-amplitude wind and tidally
forced lateral internal oscillations of the pycnocline in the mainstem of the Bay
(Breitburg 1990, Sanford et al. 1990). It is the impingement of these hypoxic
water masses close to shore that results in “jubilees” along Louisiana barrier
islands. Jubilees are events that usually follow a north wind and movement of
the hypoxic water mass onto shore where stunned or stressed fish, shrimp and
crabs are concentrated in the shallow waters along the beach and can be eas-
ily harvested. A jubilee “gone bad” occurs when the water mass is extremely
low in oxygen or contains hydrogen sulfide, and the trapped fish cannot escape,
resulting in massive fish kills. Similar jubilees occur along the eastern shore of
Mobile Bay in response to intrusion of upwelled hypoxic water (Loesch 1960, May
1973).

Continuously recording (15-min interval) oxygen meters have been deployed
near the bottom (20-m water depth) at Stations C6A or C6B off Terrebonne Bay
during spring-fall since 1990 (Rabalais et al. 1999). There is variability within the
year and between years, but the pattern generally depictajl gsgdual decline
of bottom oxygen concentrations through the spring and summer, with periodic
reoxygenation from wind-mixing eventdy)(persistent hypoxia and often anoxia
for extended periods of the record in May-Septembgrjqolated intrusion of
higher oxygen content waters from deeper water during upwelling-favorable wind
conditions, andd) persistent wind-mixing events in the late summer and fall that
mix the water column sufficiently to prevent prolonged instances of bottom-water
hypoxia. The illustrated bottom oxygen series from station C6A from mid-June
through mid-September 1990 (Figure 7) shows prolonged periods of hypoxia and
anoxia, a short period of elevated dissolved oxygen in late August, and persistent
reaeration of the water column beginning in late September. For comparison, a
recording oxygen meter was deployed during the same period near the bottom
in 20-m water depth but 77 km to the east and closer to the Mississippi River
delta (Figure 7, Rabalais et al. 1994). At that station, hypoxia occurred for only
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Figure 6 Cross-shelf contours for dissolved oxygen concentration ({glliring an
upwelling-favorable wind condition (16 August 1990) and a downwelling-favorable
wind condition (17 September 1990).

44% of the record from mid-June through mid-October (compared to 75% at
station C6A), and there was a strong diurnal pattern in the oxygen time-series
data for the former and not for the latter. The dominant coherence at the diurnal
peaks of the oxygen record, from the site in the Mississippi River bight, with
the bottom pressure record from a gauge located just offshore of Terrebonne Bay
suggests that the dissolved oxygen signal was due principally to advection of the
interface between hypoxic and normoxic water by tidal currents. These two bottom
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Figure 7 Time-series plots of bottom dissolved oxygen concentration (thinl 1-hr in-
tervals) at stations C6A on transect C and WD32E, 77 km to the east in the Mississippi
River bight (from Rabalais et al. 1994; reproduced with permission of the Estuarine Research
Federation).

oxygen records illustrate the differences of exposure of benthic and demersal
organisms to persistent, severe low oxygen versus intermittent periods of hypoxia
and normoxia.

Most instances of hypoxia elsewhere in the northern Gulf of Mexico along the
Texas, Mississippi, Alabama, and Florida coasts are infrequent, short-lived, and
limited in extent (N.N. Rabalais 1992, unpublished data). Hypoxia on the upper
Texas coast is usually an extension of the hypoxic zone off Louisiana (Harper et al.
1991, Pokryfki & Randall 1987), although isolated areas may be found farther south
(Gulf States Fisheries Commission 1982-91). Hypoxia east of the Mississippi
Riveris also isolated and ephemeral, but occurs more frequently during high stages
of the Mississippi River in flood years or when summer currents move more Mis-
sissippi River water to the east of the birdfoot delta. Hypoxia occurs off Mobile Bay
in bathymetric low areas (Rabalais 1992). From limited data where both sides of
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the delta were surveyed (Turner & Allen 1982b), there was no evidence that the
area of low oxygen formed a continuous band around the delta.

HISTORY OF HYPOXIA AND RELATED FACTORS

Whereas Gulf of Mexico coastal hypoxia has been systematically mapped only
since 1985, there are data that document its presence since the early 1970s
(Rabalais 1992, Rabalais et al. 1999, 2002). [Several references to low oxygen
in the Gulf during the mid-1930s are clearly referring to data from the oxygen
minimum layer in deeper Gulf waters that are not connected to the continental
shelf hypoxia (Rabalais et al. 1999, 2002).] A series of environmental assessments
of oil and gas production activities, strategic petroleum reserve sites, and locations
for offshore oil lightering operations and groundfish fishery assessments put an
increasing number of scientists onto the Louisiana continental shelf with conduc-
tivity/temperature/depth/oxygen meters in the period 1972-1984. These studies
were usually site-specific and rarely assessed the entire Louisiana continental shelf
where hypoxia has been documented since 1985 (Figure 2), but still showed that
hypoxia occurred in many locations in waters 5-30 m deep in the spring to fall,
with most occurrences in the summer. In 1975-1976, Louisiana shelfwide surveys
and surveys between Mobile Bay and Atchafalaya Bay (Ragan et al. 1978, Turner
& Allen 1982b, respectively) found hypoxic areas that were less extensive than
those mapped since 1985; however, the Turner & Allen (1982b) study area was
smaller than the present-day grid. Whereas it appears from this compilation of
data that hypoxia may have been increasing in frequency or extent, the history of
hypoxia over decadal and century scales remained poorly resolved.

One might expect a propensity for the northern Gulf of Mexico ecosystem to
develop hypoxia naturally because of the high volume of fresh water and nutrients
delivered by the Mississippi River and the nature of the stratified coastal system.
The question is often posed: hasn’t hypoxia always been a feature of this system?
Because relevant water column data do not exist before 1972, and systematic
surveys did not start until 1985, we turned to the sediment record for paleoindicators
of long-term transitions related to eutrophication and oxygen conditions beneath
the Mississippi River plume. Sediment cores from inside and outside the current
hypoxic region contain chemical and biological remains that reflect conditions
extant in surface and bottom waters at the time the sediment was deposited and
thus provide clues to decadal and century-long changes.

Sediment core indicators clearly document recent eutrophication and increased
organic sedimentation in bottom waters, with the changes more apparent in ar-
eas of chronic hypoxia and coincident with the increasing nitrogen loads from
the Mississippi River system in the 1950s (Eadie et al. 1994, Turner & Rabalais
1994a). This evidence comes as an increased accumulation of diatom remains
(biologically bound silica) and marine-origin carbon (stable carbon isotope anal-
ysis) accumulation in the sediments. The increases in diatom-based productivity
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were also indicated in an analysis of changing dissolved silicate mixing diagrams
along the Mississippi River plume (Turner & Rabalais 1994b). There have been no
significant increases in either the riverine organic carbon or silica loads (Goolsby
et al. 1999). The suspended sediment loads carried by the Mississippi River to the
Gulf of Mexico have decreased by one-half since the Mississippi valley was first
settled by European colonists (Meade et al. 1990). Alterations occurred as a result
of deforestation and agriculture, changes in land management, and construction of
dams, diversions, and levees. The decrease in suspended sediments has happene
mostly since 1950 when the largest natural sources of sediments in the drainage
basin were cut off from the Mississippi River mainstem by the construction of large
reservoirs on the Missouri and Arkansas Rivers (Meade & Parker 1995). This large
decrease in sediments from the western tributaries was counterbalanced somewhat
by a five- to tenfold increase in sediment loads in the Ohio River as a result of
deforestation and row-crop farming (Keown et al. 1986). A decrease in sediment
load could potentially affect both the particulate and dissolved organic nitrogen
flux. Because Mississippi River suspended sediment load has decreased since the
1950s (Meade 1995) and the dissolved inorganic nitrogen pool has increased from
anthropogenic influences (Turner & Rabalais 1991), the relative importance of the
organic nitrogen associated with the suspended sediment load might be less for
the Mississippi River than for other large world rivers (Mayer et al. 1998). It is
reasonable to infer that the increases in paleoindicators of phytoplankton produc-
tivity in the sediment record since the 1950s are related to in situ production of
marine algae stimulated by dissolved inorganic nutrients.

Time courses for several surrogates for oxygen conditions are shown in Figure
8. The mineral glauconite forms under reducing conditions in sediments, and its
abundance is an indication of low oxygen conditions. (Glauconite also forms in
reducing sediments whose overlying waters a@&mg ! dissolved oxygen.)
The average glauconite abundance in the coarse fraction of sediment&v846
from 1900 to a transition period between 1940 and 1950, when it increased to
~13.4% (Figure 8; Nelsen et al. 1994), suggesting that hypoxia may have existed
at some level before the 1940-1950 time period, but that it worsened since then.
Benthic foraminiferans and ostracods are also useful indicators of reduced oxygen
levels because oxygen stress decreases their overall diversity as measured by the
Shannon-Wiener Diversity Index (SWDI). Foraminiferal and ostracod diversity
decreased since the 1940s and early 1950s, respectively (Figure 8; Nelsen et al.
1994, TA Nelsen, unpublished data). While present-day foraminiferal diversity
is generally low in the Mississippi River bight, comparisons among assemblages
from areas of different oxygen depletion indicate that the dominan&evwho-
nia parkinsonianaver Elphidiumspp. (A-E index) was much more pronounced
in oxygen-depleted compared to well-oxygenated waters (Rabalais et al. 1996,
Sen Gupta et al. 1996). The A-E index has also proven to be a strong, consis-
tent oxygen-stress signal in other coastal areas (Chesapeake Bay, Karlsen et al.
2000; Long Island Sound, Thomas et al. 2000). The A-E index from sediment
cores increased significantly after the 1950s, suggesting increased oxygen stress
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(in intensity or duration) in the last half century (Figure Buliminella morganj

a hypoxia-tolerant species, known only from the Gulf of Mexico, dominates the
present-day population-60%) within areas of chronic seasonal hypoxia, and has
also increased markedly in recent decades (Sen Gupta et al. TQ96}juelo-
culinasp. (a hypoxia-intolerant foraminiferan) was a conspicuous member of the
fauna from 1700 to 1900 (not illustrated; Rabalais et al. 1996), indicating that
oxygen stress was not a problem prior to 1900. The trend of hypoxia, beginning
at some level at the turn of the century with a significant increase after the 1950s
when nitrate loads began to increase in the Mississippi River, has been further
corroborated by analysis of bacterial chloropigments in dated sediment cores from
the Mississippi River bight (Chen et al. 2001).

The long-term changes in hypoxia indicators can be compared with other long-
term data sets and conditions in the watershed and Mississippi River to devise
a scenario of what factors have changed through time that are most relevant to
the changing hypoxia indicated in the sediment cores. The surrogates for oxygen
conditions indicate an overall increase in continental shelf oxygen stress (in inten-
sity or duration or both) in the last 100 years that seems especially severe since
the 1950s. The indicators of worsening oxygen conditions parallel the increase in
indicators of surface water primary production that accumulate in the sediments,
i.e., diatom remains and phytoplankton-derived carbon, and the increasing flux
of dissolved nitrate in the Mississippi River discharge (Turner & Rabalais 1991,
1994a; Goolsby et al. 1999).

In addition to a steady population increase within the Mississippi basin with
related inputs of nitrogen through municipal wastewater systems, human activities
have changed the natural functioning of the Mississippi River system. Navigation
channelization and flood control through leveeing along the length of the river are
clearly important watershed alterations, but most of these activities occurred well
before the 1950s. Other significant alterations in landscape (e.g., deforestation,
conversion of wetlands to cropland, loss of riparian zones, expansion of artificial
agricultural drainage) removed most of the buffer for removing nutrients from
runoff into the Mississippi tributaries and main stem. There was an increase in the
area of land artificially drained between 1900 and 1920, and another significant
burst in drainage during 1945-1960 (Mitsch et al. 2001). There was a dramatic
increase in nitrogen input into the Mississippi River drainage basin, primarily from
fertilizer application, between the 1950s and 1980s (Goolshy et al. 1999). These
important alterations in land use and nitrogen input led to significant increases
in riverine nitrate concentrations and flux to the Gulf (Turner & Rabalais 1991,
Goolsby et al. 1999).

Because the amount of fresh water delivered to the northern Gulf of Mexico
influences both the nitrogen load and the strength of salinity stratification on the
shelf, climate-induced variability in river discharge will influence the extent and
severity of hypoxia. Annual river discharge since the early 1900s has been highly
variable, but total annual discharge increased by only 15% since 1900 and 30%
since the 1950s (Bratkovich et al. 1994). This is in contrast to the 300% increase
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in nitrate load since the 1950s (Turner & Rabalais 1991, Goolsby et al. 1999).
Clearly, the most significant driver in the change in nitrate load is the increase
in nitrate river concentration, not freshwater discharge (Juetial. 2002). In
addition, the change in annual freshwater discharge appears to be due mostly to
increased discharge in September—December (Bratkovich et al. 1994), a period
less important to both the physical and biological processes that lead to hypoxia
development and maintenance.

Organic carbon supplied by the Mississippi River was proposed as a cause of the
formation of hypoxia in the Gulf (Carey et al. 1999). This view has been largely
discounted (Committee on Environment and Natural Resources 2001) because:
(a) the suspended sediment load in the river has declined by about half since the
1950s, b) the particulate organic load that could settle on the Louisiana shelf
has also most likely decreased since thehtlfe distances to which particulate
organic carbon would need to be transported to affect the large area of hypoxia
are too great for the riverine particles to provide a significant load, @nsitéble
carbon isotope data for sediment cores from the hypoxic zone indicate that 80%
of the carbon accumulated in the sediments is of marine, not terrestrial origin.
A similar argument for carbon associated with wetland loss in coastal Louisiana
can be applied. Wetland loss rates in coastal Louisiana peaked at 1206 ra yr
the period 1955 to 1978, but the loss rate subsequently declined (Turner 1997),
and mass flux calculations clearly indicate that this is a relatively small source of
organic carbon to the hypoxic region. In addition, stable carbon isotope analyses
indicate that wetland organic carbon accumulation is confined to a narrow band
next to shore (Turner & Rabalais 1994a).

Where sufficient long-term data exist, e.g., Chesapeake Bay, the northern
Adriatic Sea, the Baltic and the Black Seas, there is clear evidence for increases in
nutrient flux, increased primary production, and worsening hypoxia (Cloern 2001).
Thorough analyses of multiple indicators in sediment cores from the Chesapeake
Bay indicate that sedimentation rates and eutrophication of the waters of the Bay
have increased dramatically since the time of European settlement of the watershed
(Cooper & Brush 1993, Cooper 1995, Karlsen et al. 2000). In addition, results indi-
cate that hypoxia and anoxia may have been more severe and of longer duration in
the last 50 years, particularly since the 1970s. The sediment core findings corrob-
orate long-term changes in Chesapeake Bay water column chlorophyll biomass
since the 1950s (Harding & Perry 1997). The parallels of the Chesapeake Bay
eutrophication and hypoxia to those of the Mississippi River watershed and Gulf
of Mexico hypoxia are striking, in particular those of the last half-century.

EFFECTS OF HYPOXIA ON LIVING RESOURCES

Increases in loads of nitrogen and phosphorus, sometimes accompanied by re-
ductions in dissolved silicate, to estuarine and coastal systems can result in en-
hancement of primary and often secondary production (Nixon 1995, Cloern 2001,
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Rabalais & Turner 2001a, Rabalais 2002). The shifts in nutrient ratios may also
shift the composition of the phytoplankton base and thus affect trophic interac-
tions, the transfer of energy through marine food webs, and the flux of carbon
that causes the development of hypoxia (Officer & Ryther 1980, Turner et al.
1998, Dortch et al. 2001, Turner 2001). Whereas these multiple effects of nutrient
enhancement certainly deserve attention (Rabalais 2002), we focus here on the
effects of hypoxia, or the reduction in available oxygen, on living resources in the
Gulf of Mexico with comparative information from elsewhere, especially where
information on Gulf resources is more limited.

As the oxygen concentration falls from saturated or optimal levels toward de-
pletion, a variety of physiological impairments, including survivability, affect an-
imals residing in the lower water column, in the sediments, or attached to hard
substrates. The obvious effects of hypoxia/anoxia are displacement of pelagic or-
ganisms and selective loss of demersal and benthic organisms (Figure 9) (Rabalais
et al. 2001a,b). These impacts may be aperiodic or recurring with some or full
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Figure 9 Progressive changesin fish and invertebrate fauna as oxygen concentration
decreases from 2 mg to anoxia (from Rabalais et al. 2001a; reproduced with
permission of the Americal Geophysical Union).
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recovery, or permanent so that long-term ecosystem structure and function shift.
Some organisms are adapted physiologically or behaviorally to persist in or avoid
hypoxic environments (Burnett & Stickle 2001, Marcus 2001, Purcell et al. 2001).
Behavioral responses include active avoidance, aresponse only available for swim-
ming organisms versus those attached to substrates or associated with the bottom,
and reduced feeding. Physiological adaptations include dormancy, reduction in
molting and growth rates, increased ventilation rate, increased circulation of blood
past respiratory organs, increased production of hemoglobin or other oxygen bind-
ing proteins, and anaerobic metabolism.

The distribution, abundance, and community composition of micro- and macro-
zooplankton are affected by episodic hypoxic/anoxic conditions in estuarine and
coastal areas (Marcus 2001, Qureshi & Rabalais 2001, Purcell et al. 2001, Powers
et al. 2001). Stages of the copepddsartia tonsaandOithona colcarvahat nor-
mally migrated to bottom waters in Chesapeake Bay during daylight hours were
not found there when oxygen levels werd.0 mg 1, but were concentrated at
the pycnocline (Roman et al. 1993). tonsaalso did not occur in anoxic bottom
waters of a stratified lagoon in France, with the depth distribution varying with
the location of the oxycline above the bottom (Cervetto et al. 1995). Qureshi &
Rabalais (2001) found a similar exclusion of copepod nauplii, copepodites and
adults when the oxygen concentration was less than 1 thinlthe Gulf of
Mexico hypoxic zone, and vertical migration appeared to be disrupted at some
stations. They also found a concentration of copepods and copepod nauplii below
the pycnocline-oxycline but above the bottom where the oxygen concentration was
reduced. Meroplankton (a water column life stage that alternates with a benthic
life stage; usually larvae of benthic invertebrates) were also concentrated above
oxygen-deficient bottom waters in summer and were either delaying metamorpho-
sis or were unable to recruit to the seabed. Among polychaete larvae, however,
only Paraprionospio pinnatappeared to be delaying metamorphosis by remain-
ing in the water column above the seabed until the oxygen concentration returned
to a level above 2 mgtf; other polychaete larvae were distributed throughout the
water column regardless of oxygen concentration (Powers et al. 2001). Eventual
recruitment of macroinfaunal benthos to mostly defaunated sediments following
long periods of hypoxia/anoxia was characterized by the predominance of juvenile
P. pinnataowing to their delayed metamorphosis in combination with the inability
of other recruits to survive conditions at the bottom (low oxygen and possibly
hydrogen sulfide).

Most pelagic cnidarians and ctenophores (commonly grouped as jellyfish) do
not live in hypoxic waters, although some species occur in high densities at
very low oxygen concentrations or concentrate at the pycnocline/oxycline above
severely hypoxic waters like the other zooplankton described above (Purcell et al.
2001). Experimental work with the schyphomedu&hrysaura quinquecirrha
and the ctenophorénemiopisi leidyifrom Chesapeake Bay shows that the
two jellyfish have prolonged survival at dissolved oxygen concentrations less
than 2 mg t%. They also prey on fish larvae that are less tolerant of low oxygen
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conditions, giving these jellyfish a competitive advantage over fish in hypoxic
waters such as Chesapeake Bay, the Black Sea, and potentially the Gulf of Mex-
ico. The abundance &. quinquecirrhahas increased over the Louisiana-Texas
continental shelf from 5% of all SEAMAP (Southeast Area Mapping and Assess-
ment Program for fisheries-independent groundfish surveys) stations sampled be-
tween 1987 and 1991 to 13-18% since 1992. At the same time, the mean oxygen
concentration in the bottom water of stations where this jellyfish was collected
dropped from 6.3 mgt in 1987 to 3.4 mg1! in 1997 (Purcell et al. 2001).
SummertimeC. quinquecirrhamedusa populations increased numerically and ex-
panded away from shore across the portion of the Louisiana shelf where hypoxia
is most frequent in summer, and there was a significant overlap between summer
C. quinquecirrhaabundance and lower water column hypoxia (Graham 2001).
Changes in abundance of these jellyfish, however, as noted by Graham (2001),
could also be related to overfishing of predators such as menhaden, expansion
of hard substrates available for benthic polyp stages, and long-term climate varia-
tions, although eutrophication and increasing hypoxia appear to be a more credible
explanation.

The responses of the fauna associated with the lower water column or seabed
vary, depending on the concentration of dissolved oxygen, but there is a fairly
consistent pattern of progressive stress and mortality as the oxygen concentration
decreases from 2 mg1 to anoxia (Rabalais et al. 2001a,b). Motile organisms
(fish, portunid crabs, stomatopods, penaeid shrimp, and squid) are seldom found
in bottom waters with oxygen concentrations less than 2 mgBelow 1.5 to
1 mg I oxygen concentration, less motile and burrowing invertebrates exhibit
stress behavior, such as emergence from the sediments. They eventually die if the
oxygen remains low for an extended period. As oxygen levels fall from 0.5 g |
toward 0 mg 12, there is a fairly linear decrease in benthic infaunal diversity,
abundance, and biomass. The sediments are never completely azoic, however.
Some macroinfauna, such as the polychadiephareteand Magelonaand the
sipunculanAspidosiphonare capable of surviving extremely low dissolved oxy-
gen concentrations and/or high hydrogen sulfide concentrations. At minimal con-
centrations just above anoxia, sulfur-oxidizing bacteria form white mats on the
sediment surface, and at 0 mg lthere is no sign of aerobic life, just black anoxic
sediments.

The severely stressed seasonal hypoxic/anoxic zone of the Louisiana inner
shelf in the northern Gulf of Mexico loses many higher taxa during the peak
of hypoxia (Rabalais et al. 2001b). Larger, longer-lived burrowing infauna are
replaced by short-lived, smaller surface deposit—feeding polychaetes. Certain typ-
ical marine invertebrates are absent from the fauna, for example, pericaridean
crustaceans, bivalves, gastropods, and ophiuroids. The hypoxia-affected fauna in
Chesapeake Bay is characterized by a lower proportion of deeper-burrowing equi-
librium species such as long-lived bivalves and a greater dominance of short-lived
surface-dwelling forms (Dauer et al. 1992). Long-term trends for the Skagerrak
coast of western Sweden in semi-enclosed fjordic areas experiencing increased
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oxygen stress (Rosenberg 1990) show declines in the total abundance and biomass
of macroinfauna, abundance and biomass of mollusks, and abundance of suspen-
sion feeders and carnivores. These changes in benthic communities result in an
impoverished diet for bottom-feeding fish and crustaceans and contribute, along
with low dissolved oxygen, to altered sediment structure and sediment biogeo-
chemical cycles.

Although there is a consistent decline in the macroinfauna as the oxygen con-
centration approaches 0 mg!] many of the meiofaunal populations maintain
similar numbers to those found under normoxic conditions. Other populations,
however, go through a definite decline. Within a given habitat, certain species of
foraminiferans and nematodes are typically most tolerant to hypoxia and anoxia
while crustacean meiofauna, primarily the harpacticoid copepods, are least toler-
ant (Murrell & Fleeger 1989, Wetzel et al. 2001). Even apparent declines in the
number of nematodes might as easily be explained by their apparent ability to
emigrate into the water column in high numbers where they survive hypoxic con-
ditions until normoxic conditions are re-established (Wetzel et al. 2001). While
the numbers of macroinfauna become sufficiently depleted to no longer serve as
a suitable food resource for demersal feeders such as shrimp, nematode numbers
remain surprisingly high. Nematodes, although reduced in abundance at more
severely affected stations (15-m depth) than inshore stations (8-m depth) on the
southeastern Louisiana shelf, average about 1200 individuals per2éveman
annual cycle (Murrell & Fleeger 1989). The insensitivity of nematode densities
to oxygen deficiency or their occasional increase under severe hypoxia (Josefson
& Widbom 1988, Cook et al. 2000) may make these remaining meiofaunal or-
ganisms potential food for foraging fish. The relative suitability of this potential
nematode food to demersal feeders on the shelf compared to harpacticoid copepods
and macroinfauna is not known. Fish and shrimp would not be potential predators
during mid-summer severe hypoxia, but nematodes may be suitable prey for some
foragers during the fall after hypoxia dissipates.

Important fishery resources are variably affected by direct mortality, forced mi-
gration, reduction in suitable habitat, increased susceptibility to predation, changes
in food resources, and disruption of life cycles (Rabalais et al. 2001a). The effects
of eutrophication, including hypoxia, are well known for some systems and include
the increase in production of some species with a loss of others, including com-
mercially important fisheries. The multi-level impacts of increased nutrient inputs
and worsening hypoxia are not known for many components of productivity in the
Gulf of Mexico, including pelagic and benthic, primary and secondary, food web
linkages, and ultimately, fisheries yield. Comparisons of ecosystems along a gradi-
ent of increasing nutrient enrichment and eutrophication, or changes of a specific
ecosystem over time through a gradient toward increasing eutrophication, pro-
vide information on how nutrient enrichment affects coastal communities. Caddy
(1993) suggested a unimodal distribution of fishery yield in semi-enclosed seas in
response to increasing eutrophication. The fishery yield is low in waters with low
nutrients, but the yield increases as the nutrients increase, up to a point. As the
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ecosystem becomes increasingly eutrophied, there is a drop in fishery yield, but
the decreases vary by habitat and feeding mode. The benthos are the first resources
to be reduced by increasing frequency of seasonal hypoxia and eventually anoxia;
bottom-feeding fishes then decline. The loss of a planktivorous fishery follows as
eutrophication increases, with eventually a change in the zooplankton community
composition. Where the current Gulf of Mexico fisheries lie along the gradient of
increasing eutrophication is not known. It is well documented, however, that there
is a negative relationship between the catch of brown shrimp (the largest economic
fishery in the northern Gulf of Mexico) and the relative size of the mid-summer
hypoxic zone (Zimmerman & Nance 2001). The catch per unit effort of brown
shrimp has also declined significantly during the recent interval in which hypoxia
was known to expand. As noted above for alternative hypotheses for increasing
jellyfish abundances in areas of hypoxia off Louisiana, there may be additional or
alternative reasons for shrimp decline in fisheries-dependent data, such as a trend
of decreasing salinity in the coastal marshes, loss of habitat, or changes in fishing
pressure.

Documenting the loss of fisheries related to the secondary effects of eutrophi-
cation, such as the loss of seabed vegetation and extensive bottom-water oxygen
depletion, is complicated by poor fisheries data, inadequate economic indicators,
increased fishing effort during the period of habitat degradation, natural vari-
ability of fish populations, shifts in harvestable populations, and climatic vari-
ability (Caddy 2000, Jackson et al. 2001, Boesch et al. 2001). Eutrophication of
surface waters accompanied by oxygen deficient bottom waters can shift domi-
nant fish stocks from demersal to pelagic. In the Baltic Sea and Kattegatt, where
eutrophication-related ecological changes occurred mainly after World War Il (re-
viewed by Elmgren & Larsson 2001a), some fish stocks increased because of
increased food supply (e.g., pike perch in Baltic archipelagos) while others de-
creased (e.g., from oxygen deficiency that reduced Baltic cod recruitment and
eventual harvest). Similar shifts are suggested by limited data on the Mississippi
River—nfluenced shelf, with the increase in selected pelagic species in bycatch
from trawls and a decrease in certain demersal species (Chesney & Baltz 2001).
Still another analysis, however, indicated that the pelagic fishery yield may be
impacted by extensive hypoxia on the northern Gulf of Mexico continental shelf
(Smith 2001; J. Smith, unpublished data). In the case of commercial fisheries in
the Black Sea, it is difficult to distinguish the impacts of eutrophication (e.g., the
loss of macroalgal habitat and oxygen deficiency or a shift from benthic to pelagic
production), from the possibility of overfishing. After the mid-1970s, benthic fish
populations (e.g., turbot) collapsed, and pelagic fish populations (e.g., anchovy and
sprat) started to increase. The commercial fisheries diversity declined from some
25 fished species to about 5 in 20 years (1960s to 1980s), while anchovy stocks
and fisheries increased rapidly (Mee 2001). The point remains unclear on the gra-
dient of increasing nutrients as to where benefits of higher overall yields become
subsumed by environmental problems that lead to decreased landings quantity or
quality.
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NUTRIENT MANAGEMENT AND RECOVERY

The accelerated time course of coastal eutrophication in the northern Gulf of
Mexico since the 1950s was typical for most temperate coastal regions at the ter-
minus of modified rivers flowing through developed countries. In the northern Gulf
of Mexico, the time course of eutrophication and hypoxia followed most closely
the exponential growth of fertilizer use beginning in the 1950s. Elsewhere in the
world, the relative proportion of agriculture-source nutrients may not be as high
as in the Mississippi River basin, but other sources of nutrients, such as municipal
and industrial wastewater and atmospheric deposition, also increased substantially
since the 1950s. The consumption of fertilizers has plateaued in many developed
countries, but continues to increase in developing countries (Seitzinger et al. 2002).
There is no indication that fertilizer use will decrease, and controlling the non-
point sources of nutrient pollution has proven much more difficult than controls
emplaced for point sources (Boesch 2002). Without the curtailing of nutrient loads,
the trajectory of coastal water quality degradation in the northern Gulf of Mexico
will likely continue, or perhaps worsen under scenarios of increased precipitation
in climate change models (Jusgft al. 1996). Elsewhere in the world, eutrophica-
tion, with sometimes accompanying hypoxia, will continue without a reduction in
nutrient loads and will certainly accelerate in areas where nutrient loads are on the
rise. There are, however, several good examples of nutrient management schemes
that have resulted in reversal of symptoms of eutrophication and economically
driven experiments where similar results have occurred. However, many attempts
to curtail nutrient export to estuarine and coastal waters have met with limited
success in meeting reduction goals or environmental goals.

Hypoxia and anoxia have existed in the open waters of the Black Sea for mil-
lennia, but hypoxia on the northwestern Black Sea shelf became more frequent
and widespread in the 1970s and 1980s (Tolmazin 1985, Zaitsev 1992, Mee 2001),
affecting up to 40,000 k#Ain depths of 8 to 40 m. There is also evidence that the
suboxic zone of the open Black Sea enlarged toward the surface by about 10 m
since 1970. As a result of the economic collapse of the former Soviet Union and
declines in subsidies for fertilizers, the decade of the 1990s witnessed a substan-
tially decreased input of nutrients via the Danube River, which was accompanied
by signs of recovery in the pelagic and benthic ecosystems of the Black Sea (Mee
2001). There is arecovery in zoobenthos species diversity, phytoplankton biomass
has declined by about 30% from the 1990 maxima, there is some recovery of the
diatoms, the phytoplankton are more diverse, the incidence of intense blooms has
declined, and there is a limited recovery of some zooplankton stocks and diversity
inlimited geographic areas. There has been no recovery of benthic macroalgal beds.
For the first time in several decades, oxygen deficiency was absent from the north-
western shelf of the Black Sea in 1996, and receded to an area less than 2000 km
in 1999. Most fish stocks in the northwestern Black Sea are still depleted (Mee
2001), however. There should be little doubt of the strong relationships among
human activities, Danube River nutrient loads, Black Sea eutrophication, and the
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demise of pelagic and benthic coastal ecosystems, as well as similar linkages in
the partial recovery of those systems following reduced nutrient loading.

The severe degradation of water quality in Tampa Bay and loss of valuable habi-
tat, particularly seagrass beds, was followed by nutrient management schemes that
reduced the nitrogen and phosphorus inputs to the bay (Johansson & Lewis 1992).
Four years after improved sewage treatment, ambient chloroptoghcentra-
tions decreased in Hillsborough Bay, and the noxious filamentous cyanobacteria
Schizothrix calcicolalso decreased. Modest seagrass recovery followed. An ag-
gressive nutrient management program with broad-scale public, institutional, and
private participation continues under the Tampa Bay Estuary Program (National
Research Council 2000), with the current goal to hold gains made in nutrient load
reductions by making additional reductions in point and diffuse sources to offset
the effects of anticipated high rate of population growth in the region.

On a larger scale, with the causes of hypoxia more clearly defined and the
sources of nutrients fairly well understood, a Task Force forwarded to Congress
in 2001 an Action Plan for Reducing, Mitigating, and Controlling Hypoxia in the
Northern Gulf of Mexico (Mississippi River/Gulf of Mexico Watershed Nutrient
Task Force 2001, Rabalais et al. 2002). Reaching this step of nutrient policy devel-
opment required a scientific consensus that the increase in nitrogen loading was the
primary factor in the worsening of hypoxia in the northern Gulf of Mexico. Finding
common ground on the hypoxia assessment and a general action plan that calls for
reducing hypoxia in the northern Gulf of Mexico by two-thirds was not reached
without debate or controversy (Rabalais et al. 2002). The next step, development
of a detailed resource management plan that will probably require the reduction
of nitrogen inputs by 30% for a watershed covering 41% of the contiguous United
States, remains a daunting task.

Within estuaries and coastal systems, a decrease in external nutrient loads does
not produce an immediate shift in the eutrophic condition of the system, in part
because of the continued remineralization of labile carbon and releases of regener-
ated nutrients. The response of the Black Sea coastal ecosystem to lower nutrient
loading took almost a decade. Seagrass recovery in Tampa Bay lagged nutrient
load reductions by about 8 years. Boynton & Kemp (2000) suggested a nutrient
memory over timescales of a year rather than seasonal periods as suggested by
Chesapeake Bay water residence times. Assessing the recovery of Chesapeake
Bay in response to the nutrient load reductions achieved so far is complicated by
numerous factors. One indicator that could be attributed to reduced nutrients is a
return of sea grasses to some regions, although the present coverage is only a small
portion of the habitat occupied in the 1950s (Boesch 2001).clastl. (1997)
suggested that at least a year of continued carbon respiration following high de-
position of carbon in a flood year contributed to oxygen demand on the Louisiana
continental shelf in the following summer. Researchers within the narrow, coastal
inlets of the Bodden are less optimistic about system recovery where nutrients to
that sector of the Baltic were reduced greatly during the last decade of the twentieth
century, but the expected improvement of water quality has not been demonstrated
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(Meyer-Reil & Kdster 2000). In addition, there is an inertia in terrestrial systems
and rivers and streams with regard to losses from land to sea following nutrient
reductions actually achieved or planned (Grimvall et al. 2000). On the timescale
of a few years, changes in the anthropogenic impact on water quality may easily
be overshadowed by natural fluctuations in climate. These facts are relevant to
management strategies to mitigate nutrient loads to estuaries and coastal waters,
and the perceived projection for recovery.

For many environmental problems, including excess nutrients, scientists, polit-
ical institutions, and society must often agree on policy and intervention measures
in the face of scientific uncertainty. Fortunately, around the globe, measures to de-
crease excess nutrient loads proceeded without complete scientific consensus on
which nutrients to reduce, how much, and by what methods. Knowledge gaps will
remain and new ones will surface, but most action plans for reducing and mitigat-
ing the effects of nutrients are conceived within a long-term adaptive management
strategy that links management actions with monitoring, research, modeling, and
a commitment to reassess conditions periodically (EImgren 2001, ElImgren &
Larsson 2001b, Rabalais et al. 2002). This can only improve the long-term prog-
nosis for improved water quality resulting from robust actions while improving
the science.
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Figure 1 Water column profiles for temperatured), salinity (psu) and dissolved
oxygen (mg 1) for representative dates of monthly sampling at station C6B off Ter-
rebonne Bay on the southeastern Louisiana shelf in 1992 (modified from Rabalais &
Turner 2001b, reprinted with permission of the American Geophysical Union). The
station location is identified in Figure 4.
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Figure 5 Contours of average values of bottom-water dissolved oxygen {fg |

by month for the eight stations along transect C (see Figure 4) by depth across the
continental shelf from inshore to offshore and from January through December for the
period 1985—-2001. [Note, the number of values for each month varies, with fewer data
in the winter than in spring-fall.]
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